AFRL-RV-HA-TR-2010-1136 


An  Investigation  of  the  Physical  Properties  of  Erupting 
Solar  Prominences 


Richard  C.  Altrock 

Air  Force  Research  Laboratory 
National  Solar  Observatory 
Sunspot,  NM  88349 


Roberto  Casini 


High  Altitude  Observatory 
P.  O.  Box  3000 
Boulder,  CO  80307 


30  Nov  2010 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED. 


AIR  FORCE  RESEARCH  LABORATORY 
Space  Vehicles  Directorate 
29  Randolph  Road 

AIR  FORCE  MATERIEL  COMMAND 
Hanscom  AFB,  MA  01731-3010 


AFRL-RV-HA-TR-2010-1 136 


This  technical  report  has  been  reviewed  and  is  approved  for  publication. 


/signed/ 

Robert  A  Morris,  Chief 
Battlespace  Environment  Division 


/signed/  /signed/ 

Richard  Altrock  Dwight  T.  Decker,  Chief 

Research  Physicist  Space  Weather  Center  of  Excellence 


Using  Government  drawings,  specifications,  or  other  data  included  in  this  document  for 
any  purpose  other  than  Government  procurement  does  not  in  any  way  obligate  the  U.S. 
Government.  The  fact  that  the  Government  formulated  or  supplied  the  drawings, 
specifications,  or  other  data  does  not  license  the  holder  or  any  other  person  or 
corporation;  or  convey  any  rights  or  permission  to  manufacture,  use,  or  sell  any  patented 
invention  that  may  relate  to  them. 

This  report  is  published  in  the  interest  of  scientific  and  technical  information  exchange 
and  its  publication  does  not  constitute  the  Government’s  approval  or  disapproval  of  its 
ideas  or  findings. 

This  report  has  been  reviewed  by  the  Hanscom  AFB  Public  Affairs  Office  (PA)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS). 

Qualified  requestors  may  obtain  additional  copies  from  the  Defense  Technical 
Information  Center  (DTIC).  All  other  requestors  should  apply  to  the  National  Technical 
Information  Service  (NTIS). 

If  your  address  has  changed,  if  you  wish  to  be  removed  from  the  mailing  list,  or  if  the 
addressee  is  no  longer  employed  by  your  organization,  please  notify  AFRL/RVIM,  29 
Randolph  Rd.,  Hanscom  AFB,  MA  01731-3010.  This  will  assist  us  in  maintaining  a 
current  mailing  list. 

Do  not  return  copies  of  this  report  unless  contractual  obligations  or  notices  on  a  specific 
document  require  that  it  be  returned. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-01-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection 
of  information,  including  suggestions  for  reducing  the  burden  to  Department  of  Defense,  Washington  Headquarters  Services  Directorate  for  Information  Operations  and  Reports 
(0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be 
subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY) 
30-10-2010 


2.  REPORT  TYPE 

Scientific,  Final 


3.  DATES  COVERED  (From  -  To) 
01-10-2007  -30-09-2010 


4.  TITLE  AND  SUBTITLE 

An  Investigation  of  the  Physieal  Properties  of  Erupting  Solar 
Prominenees. 

Final  Report, 

AFOSRTask  08RV04COR 


5a.  CONTRACT  NUMBER 


5b.  GRANT  NUMBER 

AFOSR  Task  08RV04COR 


5c.  PROGRAM  ELEMENT  NUMBER 

61102F 


6.  AUTHORS 

Altrock,  Richard  C. 
Casini,  Roberto 


5d.  PROJECT  NUMBER 

2301 


5e.  TASK  NUMBER 

RD 


5f.  WORK  UNIT  NUMBER 

A1 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Faboratory  /RVBXS 

29  Randolph  Road 

Hanscom  AFB,  MA  01731-3010 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Faboratory  /AFOSR/RSE 
875  N.  Randolph  St,  Ste.  3112 
Arlington,  VA  22203 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 

AFRL/AFOSR 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

AFRL-RV-HA-TR-2010-1 136 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  distribution  unlimited. 


13.  SUPPLEMENTARY  NOTES 

Clearance  number  66ABW-2010-1412 


DTIC  Accession  Number  DF837056 


14.  ABSTRACT 

The  goal  of  this  task  was  to  determine  the  spectro-polarimetric  properties  of  solar  prominences  leading  to  their  activation  and/or 
eruption  into  the  interplanetary  medium  as  coronal  mass  ejections  (CMEs).  This  is  accomplished  by  measuring  the  velocity  and 
three-dimensional  magnetic  field  of  prominences  using  a  new  instrument,  the  Prominence  Magnetometer  (ProMag).  Supporting 
observations  of  the  corona  overlying  the  prominences  are  obtained  with  an  existing  coronal  photometer  and  incorporated  into  the 
analysis.  This  unique  database  will  be  used  to  study  the  structure  and  evolution  of  prominences,  including  their  intimate  interaction 
with  the  magnetic  fields  responsible  for  their  support  in  the  solar  corona,  until  such  time  as  they  may  erupt.  The  anticipated  future 
result  is  the  ability  to  predict  the  eruption  of  individual  protuinences  and  the  following  CMEs  from  the  observable  characteristics  of 
the  prominences.  We  have  accomplished  the  successful  construction,  installation  at  the  proposed  research  site,  verification  of  the 
design  concept  and  initial  observations. 


15.  SUBJECT  TERMS 

Solar  physics 
Solar  magnetic  fields 


Chromosphere  Solar  corona 

Coronal  mass  ejections 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

18.  NUMBER 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF 

PAGES 

Richard  Altrock 

UNCL 

UNCL 

UNCL 

UNL 

19B.  TELEPHONE  NUMBER  (Include  area  code) 

Standard  Form  298  (Rev.  8/98) 

Prescribed  by  ANSI  Std.  Z39.18 


Contents 


1.  SUMMARY . 1 

2.  INTRODUCTION . I 

3.  INSTRUMENTATION . 4 

4.  RESULTS . 7 

5.  CONCLUSIONS . 9 

REEERENCES . 10 


iii 


Illustrations 


Figure  1:  A  Prominence  Observed  by  the  SOHO  Extreme  Ultraviolet  Imaging  Telescope  (EIT)  2 
Eigure  2:  The  John  W.  Evans  Solar  Eacility  of  the  Sacramento  Peak  Site  of  the  National  Solar 


Observatory . 3 

Eigure  3:  ProMag  Mounted  at  the  Prime  hocus  of  the  ESE  40-cm  Coronagraph . 5 


Eigure  4:  Magnetic  Map  of  a  Quiescent  Prominence  Observed  in  May  2002  with  The  Advanced 
Stokes  Polarimeter  at  the  NSO  Dunn  Solar  Telescope,  Obtained  by  Inverting  Spectro- 
Polarimetric  Data  in  He  I  D3;  x  and  y  Axes  are  Expressed  in  Pixel  Units  (for  a  2  Arcsec  Pixel); 
Eield  Geometry  (0,  O)  is  Given  in  the  Reference  Erame  of  the  Eine-Of-Sight;  x,  T  and  v  are, 
Respectively,  the  Inferred  Optical  Depth,  Temperature,  and  Velocity  of  the  Plasma  Along  The 
Eine-Of-Sight;  Note  the  Presence  of  Eields  of  the  Order  of  100  Gauss  in  Localized  Regions  of 
the  Prominence  Plasma,  Significantly  Above  the  Average  Magnetic  Eield  of  '-'20  Gauss  that  is 
Typical  of  These  Structures;  0  is  the  Inclination  of  the  Magnetic  Eield  B  on  the  Line-Of-Sight;  O 
is  the  Position  Angle  of  the  Magnetic  Eield  Projection  on  the  Plane  of  the  Sky;  A  =  90%  Error .  6 

Eigure  5:  Image  of  a  Prominence  (off-limb)  in  He  I  1083.0  nm  Obtained  in  Aug  2010  with 


ProMag . 8 

Eigure  6:  He  I  1083.0  nm  Stokes  Magnetic  Eield  Parameters  I,  Q,  U  and  V  (Left  To . 9 


1.  SUMMARY 


The  goal  of  this  task  was  to  determine  the  speetro-polarimetrie  properties  of  solar  prominenees 
leading  to  their  aetivation  and/or  eruption  into  the  interplanetary  medium  as  eoronal  mass 
ejeetions  (CMEs).  This  is  aeeomplished  by  measuring  the  veloeity  and  three-dimensional 
magnetie  field  of  prominenees  using  a  new  instrument,  the  Prominenee  Magnetometer  (ProMag). 
Supporting  observations  of  the  eorona  overlying  the  prominenees  are  obtained  with  an  existing 
eoronal  photometer  and  ineorporated  into  the  analysis.  This  unique  database  will  be  used  to 
study  the  strueture  and  evolution  of  prominenees,  ineluding  their  intimate  interaetion  with  the 
magnetie  fields  responsible  for  their  support  in  the  solar  eorona,  until  sueh  time  as  they  may 
erupt.  The  antieipated  future  result  is  the  ability  to  prediet  the  eruption  of  individual 
prominenees  and  the  following  CMEs  from  the  observable  eharaeteristies  of  the  prominenees. 
The  impaet  of  CMEs  on  geospaee  often  produees  severe  spaee  weather  effeets  on  Air  Eoree 
systems.  We  have  aeeomplished  the  sueeessful  eonstruetion,  installation  at  the  proposed 
researeh  site,  verifieation  of  the  design  eoneept  and  initial  observations. 

2.  INTRODUCTION 

Solar  prominenees  are  aggregations  of  material  in  the  solar  eorona  of  mueh  higher  density  and 
mueh  lower  temperature  than  the  eorona.  They  are  intimately  eonneeted  with  magnetie  fields  in 
the  eorona,  whieh  are  rooted  in  the  photosphere.  The  term  prominenee  is  traditionally  used  for 
these  features  when  observed  above  the  limb  and  filament  when  observed  against  the  disk.  We 
will  use  the  term  prominenee  in  both  oases.  Eigure  1  demonstrates  a  prominenee  observed  by  the 
Solar  and  Heliospherio  Observatory  (SOHO)  (ESA  &  NASA). 
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Figure  1:  A  Prominence  Observed  by  tbe  SOHO  Extreme  Ultraviolet  Imaging  Telescope 

(EIT) 

The  properties  of  prominenees  have  been  debated  for  deeades.  At  the  eurrent  time,  there  is  no 
agreement  eoneerning  their  creation,  how  they  are  supported  in  the  corona,  magnetic  fields, 
velocity  fields,  evolution  and  ultimate  disappearance.  This  task  attempted  to  provide  answers  to 
these  questions  through  study  of  prominences  using  a  new  instrument,  the  Prominence 
Magnetometer  (ProMag).  This  instrument  was  designed  and  constructed  by  the  High  Altitude 
Observatory  (HAO)  and  installed  in  the  John  W.  Evans  Solar  Facility  (ESF)  of  the  Sacramento 
Peak  site  of  the  National  Solar  Observatory  (NSO)  in  Sunspot,  NM.  Elmore  et  al.  (2008) 
describe  an  early  version  of  ProMag.  The  HAO  Principal  Investigator  (PI)  is  Dr.  Roberto  Casini. 
This  facility  was  selected  due  to  the  availability  of  the  ESF  40-cm  coronagraph  as  a  light  feed. 
This  coronagraph  provides  observation  of  material  above  the  limb  with  very  high  precision,  due 
to  its  property  of  very  low  scatter  of  incident  light  within  the  telescope.  For  example,  internal 
scattering  is  approximately  1000  times  less  than  in  the  NSO  Dunn  Solar  Telescope.  Figure  2 
shows  the  ESF. 
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Figure  2:  The  John  W,  Evans  Solar  Facility  of  the  Sacramento  Peak  Site  of  the  National 

Solar  Observatory 

The  ultimate  objective  of  this  study  is  to  determine  the  observable  properties  of  prominences  that 
lead  to  their  activation  and/or  eruption  into  the  interplanetary  medium.  The  ability  to  be  able  to 
predict  when  this  occurs  will  lead  to  a  major  increase  in  the  ability  to  predict  the  onset  of 
Coronal  Mass  Ejections  (CMEs),  which  are  associated  with  eruptive  or  active  prominences  90% 
of  the  time  (de  Toma  and  Casini,  2006).  Prediction  of  CMEs  is  a  major  goal  of  the  Air  Force 
Weather  Agency,  since  CMEs  impacting  the  Earth  cause  major  Space  Weather  effects. 

A  Memorandum  of  Understanding  between  the  Association  of  Universities  for  Research  in 
Astronomy  (which  operates  NSO)  and  the  University  Corporation  for  Atmospheric  Research 
(which  operates  HAO)  provides  for  installation  of  the  ProMag  in  the  ESF  and  its  operation. 

AFRL/RVBXS  participated  in  the  analysis  of  data  from  ProMag  by  providing  contextual 
observations  of  the  corona  in  the  lines  Fe  X  637.4  nm,  Fe  XIV  530.3  nm  and  Ca  XV  569.4  nm 
obtained  with  the  ESF  Coronal  Photometer.  The  contextual  observations  aid  in  the  identification 
of  the  brightest  regions  in  the  corona  above  prominences,  which  can  be  used  to  identify  the  best 
targets.  The  contextual  Fe  X  and  Fe  XIV  data  can  also  be  used 

to  estimate  coronal  temperatures  above  prominences  outside  of  active  regions  for  comparison 
with  ProMag  results. 
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3.  INSTRUMENTATION 


The  Prominence  Magnetometer  (ProMag)  is  a  spectro-polarimeter  deployed  at  the  ESF.  It  is 
mainly  conceived  to  do  spectro-polarimetry  of  the  chromosphere  (in  particular  prominences  and 
filaments)  simultaneously  in  the  He  I  lines  at  587.6  nm  (D3)  and  1083.0  nm  (off-limb  mode),  or 
in  H-alpha  656.3  nm  and  1083.0  nm  (on-disk  mode).  However,  it  can  also  be  used  to  observe  the 
corona  in  the  forbidden  emission  lines  of  Fe  XIII  at  I  micron.  ProMag  is  designed  to  achieve  a 
spatial  resolution  of  better  than  3  arcsec  and  a  spectral  resolution  of  50  mA,  at  587.6  nm. 

The  instrument  consists  of  a  dual-beam  polarimeter  (modulator  +  analyzer)  placed  at  the  prime 
focus  (FI)  of  the  FSF  40-cm  coronagraph  (shown  in  Figure  3),  and  a  grating-based  spectrograph 
placed  on  the  Fast  (optical)  Bench  in  the  separate  climate-controlled  observing  room  of  the  ESF. 
The  polarimeter  consists  of  a  Ferroelectric-Fiquid-Crystal-based  polychromatic  modulator 
(implementing  two  FFCs  and  a  fixed  waveplate)  that  allows  for  efficient  modulation  (better  than 
40%)  over  a  spectral  range  encompassing  the  solar  lines  listed  above.  A  Wollaston-based  beam¬ 
splitter  is  adopted  as  analyzer.  The  spectrograph  consists  of  an  image  rotator,  a  slit  assembly,  a 
dispersion  grating,  and  two  camera  packages,  one  for  the  visible  and  one  for  the  near-IR 
(infrared).  The  function  of  the  image  rotator  is  to  keep  the  beam-splitting  direction  (typically 
aligned  with  the  solar  radius)  of  the  two  beams  from  the  polarimeter  always  aligned  with  the  slit. 
The  polarimeter  can  also  be  rotated  to  align  the  slit  to  any  given  direction  on  the  solar  disk.  The 
mapping  of  a  solar  structure  is  performed  by  stepping  the  slit  across  the  image  plane. 

The  spectrograph  has  one  visible  and  one  IR  channel.  The  order  selection  of  the  grating  was 
optimized  for  the  simultaneous  observation  of  the  two  He  I  lines.  However  H-alpha  and  He  I 
1083.0  nm  can  also  be  observed  simultaneously,  with  only  minor  vignetting.  The  detectors  are  a 
652x496  pixel  Pluto  camera  for  the  visible  range,  and  a  320x256  pixel  FFIR  alpha-NIR  camera 
for  the  IR. 
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Figure  3:  ProMag  Mounted  at  the  Prime  Focus  of  the  ESF  40-cm  Coronagraph 


The  output  can  be  converted  to  two-dimensional  maps  of  vector  magnetic  fields,  line-of-  sight 
velocities,  temperature,  optical  depth  and  density  in  prominences,  similar  to  Figure  4,  which  is 
taken  from  a  different  instrument.  The  data  will  be  reduced  by  HAO  and  made  publicly 
available.  HAO  has  already  developed  suitable  codes  for  analyzing  spectro-polarimetric  data 
that  utilize  principal  component  analysis  and  sophisticated  techniques  for  including  the  Hanle 
effect  and  atomic  orientation.  For  further  information  on  ProMag,  go  to 
http://www.csac.hao.ucar.edu/csac/prototvpes.isp 
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Figure  4:  Magnetic  Map  of  a  Quiescent  Prominence  Observed  in  May  2002  with  The 
Advanced  Stokes  Polarimeter  at  the  NSO  Dunn  Solar  Telescope,  Obtained  by  Inverting 
Spectro-Polarimetric  Data  in  He  I  D3;  x  and  y  Axes  are  Expressed  in  Pixel  Units  (for  a  2 
Arcsec  Pixel);  Field  Geometry  (0,  O)  is  Given  in  the  Reference  Frame  of  the  Line-Of- 
Sight;  T,  T  and  v  are,  Respectively,  the  Inferred  Optical  Depth,  Temperature,  and  Velocity 
of  the  Plasma  Along  The  Line-Of-Sight;  Note  the  Presence  of  Fields  of  the  Order  of  100 
Gauss  in  Localized  Regions  of  the  Prominence  Plasma,  Significantly  Above  the  Average 
Magnetic  Field  of  ~20  Gauss  that  is  Typical  of  These  Structures;  0  is  the  Inclination  of  the 
Magnetic  Field  B  on  the  Line-Of-Sight;  O  is  the  Position  Angle  of  the  Magnetic  Field 
Projection  on  the  Plane  of  the  Sky;  A  =  90%  Error 
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4.  RESULTS 


Weather  and  instrumental  problems  resulted  in  not  eompleting  the  intended  observations  and 
analysis.  The  polarimeter  and  attendant  meehanisms  (ineluding  the  speetrograph)  were  installed 
at  the  ESF  in  Mar  2008.  Tests  indicated  a  problem  with  characterization  of  the  FLCs  that 
produce  the  polarization.  The  FFCs  were  removed  and  returned  to  HAO  for  recharacterization. 
In  fact,  the  polarization  modulator  was  completely  redesigned  and  thoroughly  tested  in  the 
laboratory  in  the  first  half  of  2009.  In  the  interim  we  identified  several  parts  of  the  ProMag 
occulting  plate  that  possibly  needed  correction,  and  we  improved  the  scattered  light 
characteristics  of  the  occulter  and  the  40-cm  coronagraph.  ProMag  was  finally  successfully 
deployed  in  August  2009.  Preliminary  calibration  data  taken  during  the  deployment  run  have 
confirmed  the  high  modulation  efficiencies  attained  by  the  polarimeter,  which  are  very  close  to 
those  predicted  by  the  design.  The  first  official  observing  run  with  ProMag  was  scheduled  for 
Oct  2009,  but  due  to  bad  weather  was  successful  only  in  verifying  the  proper  operation  of  the 
unit. 

In  Mar  2010  the  ProMag  team  returned  to  NSO  for  another  observing  run.  After  completing  one 
set  of  scans,  the  HAO  PI  became  suspicious  of  a  problem  and  examined  the  polarimeter.  He 
determined  that  one  of  the  components  was  damaged,  although  he  could  not  determine  the  nature 
of  the  damage  without  disassembling  the  polarimeter.  As  a  consequence,  he  removed  the 
polarimeter  from  the  coronagraph  and  took  it  back  to  HAO  for  analysis.  He  found  that  a  crack 
had  occurred  in  one  of  the  wedges  of  the  first  Wollaston  prism  of  the  polarizing  beam-splitter. 

He  determined  that  the  cause  was  a  flawed  design  of  the  Wollaston  prisms  obtained  from  a 
contractor,  who  had  cemented  the  two  wedges  together,  instead  of  joining  them  with  optical  oil 
to  allow  for  expansion/contraction  caused  by  temperature  variations. 

After  repairing  and  testing  the  polarimeter,  the  team  returned  to  NSO  in  Aug  2010.  The 
polarimeter  was  reinstalled  in  the  spar  at  the  FSF.  A  guiding  problem  delayed  observations  for 
several  days  but  was  finally  diagnosed  by  NSO  technicians.  A  "work-around"  allowed 
observations  to  begin,  and  a  data  set  was  obtained  on  26  Aug.  The  ProMag  team  returned  to 
Boulder  on  27  Aug  to  begin  data  reduction  and  analysis.  They  found  that  the  flux  budget  was 
not  sufficient  to  reach  the  expected  polarimetric  sensitivity  in  He  I  587.6  nm  (D3),  although  the 
observations  in  He  I  1083.0  nm  were  satisfactory.  Plans  for  future  observations  are  to  increase 
the  number  of  data  acquisitions  in  D3  to  improve  the  signal-to-noise  ratio.  A  new  AFOSR  task 
has  been  approved  to  continue  the  observations. 

Figure  5  displays  the  ProMag  He  I  1083.0  nm  image  of  the  prominence  observed  in  Aug  2010. 


7 


Figure  5:  Image  of  a  Prominence  (off-limb)  in  He  1  1083,0  nm  Obtained  in  Aug  2010  with 

ProMag 

Figure  6  displays  the  four  Stokes  polarization  parameters 

(http://en.wikipedia.org/wiki/Stokes  parameters)  in  He  I  1083.0  nm  obtained  by  ProMag  for  the 
prominence  shown  in  Figure  5.  Note  the  dominant  negative  Q,  which  is  in  theoretical  agreement 
with  the  fact  that  the  +Q  direction  (which  coincides  with  the  beam-splitting  direction)  was 

_ -5 

perpendicular  to  the  limb.  Instrumental  polarization  is  undetectable  to  better  than  10  .  The  Q 
profile  indicates  a  dominant,  limb-tangent  scattering  polarization  in  the  red  component.  The 
near-to-zero  Q  signal  in  the  blue  component  indicates  that  the  prominence  was  optically  thin  in 
1083.0  nm. 
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Figure  6:  He  1  1083.0  nm  Stokes  Magnetic  Field  Parameters  I,  Q,  U  and  V  (Left  to 
Right,  Top  to  Bottom)  for  the  Prominence  Shown  in  Figure  5;  Data  Points 

are  Ordered  in  Wavelength 


5.  CONCLUSIONS 

This  task  has  made  substantial  progress  towards  the  goal  of  observing  prominenees  and 
analyzing  their  physieal  proeesses.  The  follow-on  task  soon  to  be  initiated  should  allow 
sufficient  numbers  to  be  observed  to  understand  the  destabilizing  forces  that  result  in  CMEs. 
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